A lthough renal ischemia is widely examined, its underlying cellular mechanisms of ion homeostasis are not completely understood yet. One of the important determinants of ischemic injury is the cellular Ca 2ϩ overload (1, 2) . Mitochondria, besides the endoplasmic reticulum, play a key role in clearing excessive cytosolic Ca 2ϩ by their fast, highcapacity, and reversible Ca 2ϩ sequestration properties (3) (4) (5) . The normal route for Ca 2ϩ uptake into mitochondria is the Ca 2ϩ uniporter, which depends on the mitochondrial membrane potential (⌬⌿ m ) (6 -8) . Because metabolic inhibition (MI) induces mitochondrial depolarization (9, 10) , the mitochondrial Ca 2ϩ uptake is highly diminished via the Ca 2ϩ uniporter (11, 12) . Because the stoichiometry of the mitochondrial Na ϩ / Ca 2ϩ exchanger (NCX) might be closer to 3Na ϩ /1Ca 2ϩ than 2Na ϩ /1Ca 2ϩ (8, 13) , the pronounced mitochondrial depolarization during MI strongly diminishes the electrical driving force for Ca 2ϩ efflux from the mitochondria via the NCX and might allow the reverse action of the mitochondrial NCX. Moreover, it was reported that the mitochondrial NCX might reverse during MI in rat cardiomyocytes (14) . In our previous study (9) , the mitochondrial Ca 2ϩ uptake was shown to be Na ϩ dependent, and the clearance of cytosolic Ca 2ϩ overload was suggested to occur via the reverse action of the mitochondrial NCX. We hypothesized that the cytosolic Ca 2ϩ overload (from approximately 50 nM to approximately 630 nM), induced a chemical driving force for Ca 2ϩ entry into the mitochondrial matrix. Therefore, in the initial phase of the cytosolic Ca 2ϩ clearance, the reversed mode of the mitochondrial NCX is likely driven by the Ca 2ϩ gradient toward the mitochondrial matrix. However, when the Ca 2ϩ gradient gradually decreases, a significant increase of mitochondrial Na ϩ concentration ([Na ϩ ] m ) might sustain the driving force for the reverse action of mitochondrial NCX. It is known that some renal tubular cells, predominantly cortical ascending limb cells, collecting duct cells, and cells of the tubules within the inner medulla, seem to escape ischemic injury or are only sublethally injured and are capable of complete functional and structural recovery if the insult is removed in time (15) .
The objective of this study was to corroborate our previous suggestion that the mitochondrial NCX reverses during MI. Therefore, changes in [Na ϩ ] m were monitored in metabolically inhibited MDCK cells, a cell line of distal tubular origin that possesses many similarities with mammalian cortical collecting tubular cells (16 
Materials and Methods

Solutions and Chemicals
MDCK cells were bathed in a normal saline solution (NSS) that contained (in mM) 140 NaCl, 5 KCl, 1.5 CaCl 2 , 1 MgSO 4 , 10 HEPES, and 5.5 glucose (pH adjusted to 7.4 with TRIS). MI was accomplished with a solution that contained (in mM) 135 NaCl, 5 KCl, 1.5 CaCl 2 1 MgSO 4 , 10 HEPES, 10 2-deoxy-d-glucose (2-DG), and 2.5 NaCN (pH 7.4). Recovery (reperfusion) was carried out with NSS. CoroNa Red, Mito Tracker Green (MTG), and pluronic F-127 were obtained from Molecular Probes, Inc. (Eugene, OR). Gramicidin D, carbonyl-cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and nigericin were bought from Sigma (St. Louis, MO). CGP-37157 monensin and oligomycin were purchased from Tocris (Bristol, UK). All chemicals used were of analytical grade.
Cell Culture
MDCK cells (low passage number 22 to 30) were donated by Dr. H. De Smedt (Laboratory of Physiology, Leuven, Belgium). Cells were cultured in a 1:1 mixture of DMEM and Ham's F-12 (N.V. Invitrogen, Carlsbad, CA) supplemented with 10% FCS, 14 mM l-glutamine, 25 mM NaHCO 3 , 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were maintained in a humidified 5% CO 2 atmosphere at 37°C. The medium was renewed every 3 to 4 d. For all experiments, 0.5 to 1 ϫ 10 5 cells were seeded on round glass coverslips with a diameter of 24 mm. After 3 to 6 d, confluent monolayers were used.
Cellular ATP Content
ATP measurements were performed with a luciferin-luciferasebased assay kit (Molecular Probes) (9) . ATP levels were measured with a luminometer model 1250 from Wallac (Turku, Finland).
Fluorescence Imaging Microscopy
An Axiovert 100 inverted epifluorescence microscope (Carl Zeiss, Jena, Germany) was used. Fluorescence was elicited by a XBO 75 W/2 OFR xenon lamp (Osram, Berlin-Mü nchen, Germany). A Zeiss objective LD Achroplan 40x/0.6 corr was used for all images. The images were captured by a Quantix CCD camera (Photometrics, Tucson, AZ). All optical filters and dichroic mirrors were obtained from Chroma Technology Corp. (Brattleboro, VT). Cells were grown on glass coverslips, placed into a homemade holder, and put on the microscope stage.
Determination of ⌬⌿ m . ⌬⌿ m was evaluated using the potentiometric indicator 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethyl-benzimidazolyl-carbocyanine iodide (JC-1) (9) . The fluorescence of JC-1 was monitored at 535 nm (F 535 ) and at 590 nm (F 590 ). The F 535 signal, corresponding to the JC-1 monomer, is responsive to values of ͉⌬⌿ m ͉ Ͻ140 mV (10) . In the underlying study, the F 535 signal is primarily mitochondrial because analysis of the F 535 JC-1 image only at mitochondrial positions (determined by the positions of aggregate fluorescence in the paired F 590 image) gives rise to a nearly identical behavior of the resulting mitochondrial F 535 signal during MI as compared with the "unmasked" F 535 signal (data not shown). The 590-nm emission, corresponding to the JC-1 aggregate, shows very little sensitivity in the range of ͉⌬⌿ m ͉ Ͻ140 mV, but aggregate fluorescence is sensitive to a drop of ͉⌬⌿ m ͉ from approximately 200 to approximately 140 mV (10) . Because both JC-1 signals are changing during metabolic inhibition in MDCK cells (data not shown) and the F 535 signal is primarily mitochondrial, the authors take both fluorescence signals into account to obtain an accurate measure of ⌬⌿ m at both the high and low potential range. For comparing experiments with different control values of the JC-1 emission ratio, R (F 590 /F 535 ), results are presented in terms of a normalized ratio (R norm ): ] c ) were monitored using, respectively, the fluorescence probes SBFI and Fura-2 as described previously (9) . The autofluorescence intensity, measured at the excitation wavelengths (340 and 380 nm) and the emission wavelength 535 nm (the wavelengths used in Fura-2 and SBFI experiments), did not change during metabolic inhibition in MDCK cells at 37°C (data not shown). The autofluorescence image of unloaded cells was subtracted from the loaded cell images.
Laser Scanning Confocal Microscopy
A Zeiss LSM 510 META laser scanning confocal microscope (Carl Zeiss) attached to an Axiovert 200 M frame (Carl Zeiss) was used. The microscope stage is equipped with a model P heated specimen holder with type S incubator (PeCon GmbH, Erbach-Bach, Germany). Fluorescence measurements were performed with a 63X/1.4 Plan Apochromat oil immersion objective (Carl Zeiss). For minimizing temperature differences between sample and objective, a ϫ63 oil model objective heater (PeCon GmbH) was used. Cells were grown on glass coverslips, mounted into a homemade holder, and placed on the microscope stage. Protective Role of Mitochondrial Na ϩ Red staining and the pronounced staining of structures within the nuclei, presumably nucleoli. Within the histogram of the MTG image, a threshold was chosen to retain only the high-end tail, excluding any saturated pixels (9) . Resulting MTG intensities represented upon visual inspection the "well-delineated" mitochondrial locations. The intensities of the selected mitochondrial pixels were set at 1, whereas all other pixel intensities in the MTG image were set at 0. Multiplication of this "mask" image with the CoroNa Red image yielded an image that consisted of mitochondrial CoroNa Red fluorescence intensity. This value was normalized with regard to the number of pixels with mask value 1 in the "mask" images to compensate for differences in mitochondrial density. Furthermore, because the mitochondria moved continuously in the cytosol, both an MTG image and a CoroNa Red image were collected at each time point. 
Determination of [Na
Cell Volume Measurements
This method has been described previously in detail (18). Cell thickness (T c ) was used as an index for cell volume of confluent monolayers. The apical (upper) side of the monolayer was labeled with fluorescence biotin-coated microbeads. Focusing of the microbeads was automatically performed with a piezoelectric focusing device (PIFOC; Physik Instrumente, Waldbronn, Germany). T c is defined as the vertical distance between the basolateral and apical beads. Measured T c values were corrected for the diameter of the fluorescence microbeads by subtracting 1 m. Changes in cell height are expressed as percentage of the value recorded just before MI is imposed. Averaged values of T c were calculated using the recordings from a number of beads (n B ) that remained attached to the monolayer during the entire experiment.
Statistical Analyses
Values from N different monolayers are given as means Ϯ SEM. All experiments described in this article were performed at 37°C.
Results
Imaging Mitochondrial Sodium with Confocal Microscopy
To evaluate changes in [Na ϩ ] m during MI, we performed experiments on MDCK cells that were loaded with both the mitochondrion-specific dye MTG and the Na ϩ -sensitive probe CoroNa Red. Under control conditions, the mitochondria seem to be organized in wire-like structures (Figure 2A ). Incubation with metabolic inhibitors induced breakage of the mitochondrial network ( Figure 2B ). During MI, MDCK cells swell rapidly ( Figure 2H ). This cellular reorganization induces an increase in the contribution of mitochondria above and below the image plane, resulting in fuzzy confocal images during MI. The changes in mitochondrial shape are related to MI rather than resulting from a time effect, because incubation in NSS still revealed wire-like mitochondria after a 60-min incubation period (images not shown). The mitochondrial network was partially rebuilt in metabolically inhibited cells after a 30-min recovery period in NSS without metabolic inhibitors ( Figure  2C ). The superimposed images of CoroNa Red and MTG (Figure 2 , D through F) show that CoroNa Red is located mainly in mitochondria when loaded in MDCK cells. Nevertheless, a weak staining of the cytosol and a pronounced staining of structures within the nuclei of the cells, presumably nucleoli, 
Effect of ⌬⌿ m on the Retention of CoroNa Red
Because ⌬⌿ m significantly decreases during MI in MDCK cells (9) , the cationic CoroNa Red dye might leak out of the mitochondrial matrix. To verify whether mitochondrial depolarization influences the mitochondrial entrapment of CoroNa Red, we performed experiments in the presence of the mitochondrial uncoupler FCCP. Figure 3 shows that changes in ⌬⌿ m did not affect substantially the mitochondrial retention of CoroNa Red. was completely abolished (n ϭ 3; Figure 5 ). This indicates that the second-phase decrease of [Na ϩ ] m is likely due to the mitochondrial Na ϩ efflux via the reversed NCX.
Influence of MI on Mitochondrial Sodium Concentration in MDCK Cells
When CGP-37157, a specific inhibitor of the mitochondrial NCX, was administered during 30 min under control conditions, [Na ϩ ] m decreased to approximately 25 mM ( Figure 5 ), a similar value as [Na ϩ ] c . This result supports the assumption that the mitochondrial NCX maintains the high mitochondrial sodium level by continuing Ca 2ϩ extrusion. This assumption was confirmed by a substantial increase in matrix Ca 2ϩ seen after CGP-37157 addition in control conditions. A profound increase (up to fluorescence intensities of Ͼ200% of the control level before CGP-37157 addition) was observed in the first 10 min after application of the inhibitor (data not shown). To examine whether the recovery of metabolically inhibited MDCK cells depends on the activity of the mitochondrial NCX during MI, we tested the recovery after MI of CGP-37157-treated MDCK cells (Figure 7) . The recovery of ⌬⌿ m in metabolically inhibited MDCK cells was negligible when the mitochondrial NCX was inhibited before and during MI ( Figure  7A ). ⌬⌿ m changes during MI are not different in CGP-37157-treated MDCK cells ( Figure 7A ) as compared with the changes observed in metabolically inhibited MDCK cells in the absence of CGP-37157 ( Figure 6B ). Therefore, CGP-37157 treatment likely does not interfere with the changes in H ϩ gradient across the inner mitochondrial membrane.
Changes in MDCK Cells during Recovery Phase after 60 Min of MI
To check whether CGP-37157 treatment influences the recovery of cytosolic ion homeostasis after MI, we measured the recovery of intracellular Ca 2ϩ ([Ca 2ϩ ] c ), because intracellular calcium levels can be restored fast and completely, even in the presence of metabolic inhibitors (9) . Normal cytosolic calcium concentrations were not restored in CGP-37157-treated MDCK cells after MI ( Figure 7B ). This result suggests that cellular recovery is impaired in cells with an inactive mitochondrial NCX during MI.
Discussion
In this study, changes in [Na ϩ ] m were monitored in metabolically inhibited MDCK cells, using the fluorescent dye CoroNa Red, to verify our hypothesis that the clearance of cytosolic Ca 2ϩ overload during MI in renal epithelial cells occurs via the reverse action of the mitochondrial NCX. Furthermore, the ability of MDCK cells to recover from a 60-min period of MI was examined. 
Mitochondrial Na ϩ Content in MDCK Cells
Na ϩ Content in Nonrespiring Mitochondria of MDCK Cells
The addition of the protonophore FCCP diminishes ⌬⌿ m and the H ϩ gradient across the mitochondrial membrane (26, 27 ).
The reduction of the H ϩ gradient likely strongly decreases the rate of the mitochondrial Na ϩ /H ϩ exchanger (NHE), the normal route for Na ϩ efflux. However, the mitochondrial Na 
Changes in Mitochondrial Na ϩ in MDCK Cells during MI
During MI, [Na ϩ ] m showed a similar behavior ( Figure 4A ) as in the case of applying FCCP (Figure 3) . Consequently, the Our previous study (9) showed that the mitochondria play a key role in the clearance of cytosolic Ca 2ϩ during MI in MDCK cells. Because ͉⌬⌿ m ͉ was largely diminished after 20 min of MI, the normal route for mitochondrial Ca 2ϩ uptake via the ⌬⌿ mdependent Ca 2ϩ uniporter was limited. However, the depolarization of the mitochondria strongly reduces the electrical driving force for Ca 2ϩ efflux via the putative electrogenic NCX (7, 13) (Figure 6 ). The complete recovery probably requires a significantly longer period. The absence of ⌬⌿ m recovery in CGP-37157-treated metabolically inhibited MDCK cells suggests that a functioning mitochondrial NCX during MI is necessary to enable recovery after washout of the metabolic inhibitors. Furthermore, normal cytosolic calcium concentrations were not restored in CGP-37157-treated MDCK cells after MI. Our results suggest that both mitochondrial and cellular recovery depends on the activity of the mitochondrial NCX during MI. In summary, the results of this study confirm our previous suggestion that the mitochondrial NCX reverses during MI to carry out the clearance of the cytosolic Ca 2ϩ in MDCK cells. The reversal of the mitochondrial NCX during MI seems to play an important role in the protection of the cells, because NCX inhibition prevents both mitochondrial and cellular recovery.
